This paper reports a numerical investigation of an atmospheric lean-premixed swirl-stabilized burner. The focus on the flow behavior and flame stability is done at various swirl intensity to better understand the propane turbulent premixed flames. The numerical simulation is carried out using RANS technique with three turbulence closer models Standard k-ε, Realizable k-ε and SST k-ω. This in order to evaluate the performance of these models in the prediction of confined turbulent swirling flows. The turbulence-chemistry interaction scheme is modelled using Finite Rate-Eddy Dissipation model with three step global reaction mechanism. The combustor is operated with air and propane mixture under an atmospheric pressure at a global equivalence ratio of Φ = 0.5. The investigation is done using five different swirl numbers Sn = (0, 0.35, 0.75, 1.05, 1.4), including a validation with the available experimental data. Good agreement is found between RANS results and experimental data, in particular axial and radial velocity profiles, temperature and propane concentration profiles. Results indicate the presence of outer recirculation zone (ORZ) in the inlet burner corner, irrespective of the swirl number. When the swirl number reaches a critical value Sn = 0.75, an inner recirculation zone (IRZ) appears in the center of the burner inlet as a result of vortex-breakdown. Increasing swirl number to an excessive value leads to the propagation of the IRZ upstream the combustion chamber, and consequently the appearance of the flame flashback.
INTRODUCTION
Lean premixed flames (LPMF) are widely used in modern gas turbine combustors. The main advantage of LPMF is the significant reduction in NOx compared to diffusion flames. Most LPMF of gas turbine combustors use upstream a swirler and a sudden expansion in the combustor geometry in order to stabilize the flame. The sudden expansion creates a corner vortex called the outer recirculation zone (ORZ). In addition, the swirler produces a vortex centered on the chamber centerline near the expansion plane. This vortex named inner recirculation zone (IRZ) is known also as a vortex-breakdown phenomenon ( Figure 1 ). The basic concept is that the IRZ serves as an aerodynamic flame holder, which leads to the recirculation of hot burned gases upstream to enhance the ignition of unburned gases and helps to operate the flames under the desired lean conditions. An extensive review on vortex-breakdown and the stability of swirled lean-premixed flames in other burner configurations can be found in [1, 2] .
Because of the complex turbulent nature of swirling flow phenomena, accurate numerical simulations of such flows require a careful choice of turbulence models. It is generally accepted that the Standard k-ε model [3] can perform reasonably well for simulating simple turbulent flows. Sometimes it provides sufficient results for simulating reacting swirling flows [4] and sometimes it appears inadequate. For example, Sharif et al. [5] reported that the Standard k-ε model shows overestimate the level of turbulent diffusion on a turbulent swirling flow in a cylindrical combustor. It is reported that the deficiency of the Standard k-ε model is due to the use of isotropic eddy viscosity concept, which is not the case for most turbulent swirling flow structures that are anisotropic.
In order to address the deficiency of the Standard k-ε model, Shih et al. [6] purposed the Realizable k-ε model by introducing a new eddy viscosity formula and a new dissipation rate equation. It is based on the dynamic equation of the mean-square vorticity fluctuation at large turbulent Reynolds number. A numerical study using the Realizable k-ε model is presented by AbdelGayed et al. [7] to simulate a premixed high swirl flow in a GT combustor. They found a quite good agreement between the calculated and measured axial and tangential velocities distribution over the whole combustor. They also well captured the IRZ. Recent definition of the turbulent viscosity is proposed by Menter [8] and employed in the shear stress transport (SST) k-ω model, with the addition of a cross diffusion term in the ω-equation. The model shows better performance over the standard k-ε. To investigate the performance of the Standard k-ε and the SST k-ω models, Engdar et al. [9] simulated a confined swirling flow and they found that in a swirling flow with Sn = 0.58, the Standard k-ε model is not able to predict the IRZ, while the SST k-ω model captured this zone.
Regarding the effect of swirl intensity on the flow behavior and the combustion dynamics, numerous studies both experimental and numerical have been conducted. Tsao et al. [10] simulated a can model gas turbine combustor for two swirl numbers (Sn = 0.74 and Sn = 0.85). They found that the swirl momentum is transported to the centerline and formed a vortex core and the strength of this vortex core depends on the inlet swirl levels. Stone et al. [11] studied numerically the impact of three swirl numbers (Sn = 0.56, Sn = 0.84 and Sn = 1.12) on the stability of a lean-premixed gas turbine combustor. For high values of Sn, they observed negative values of centerline axial velocity in the expansion plane which indicating the formation of the vortex-breakdown. Anacleto et al. [12] performed an experimental study of the swirl flow structure and flame characteristics in a lean premixed burner. Their burner contains a swirler with adjustable vanes, which allow using various swirl numbers. They showed that the vortex-breakdown occurs at Sn = 0.5 and IRZ formed at all higher swirl number values. They identify also the flame flashback limit which occurs at Sn = 1.26. Other experimental study was done by Mafra et al. [13] to evaluate the effect of swirl number on the flow and NO emission of LPG cylindrical combustion chamber. The burner was equipped with an adjustable swirl device, allowing to vary the swirl number from Sn =0.36 to Sn = 1.46. As they observed, the fuel-air degree of mixture is mediocre at low swirl numbers and causes the formation of IRZ rich in fuel and it promotes a higher unburned hydrocarbon rate. For higher swirl numbers, a more efficient combustion is observed in IRZ, higher values of temperature, low O2 and NO concentrations. Ying and Vigor [14] investigated the effect of swirling flow on combustion dynamics using Large-Eddy Simulation (LES) technique. They reported that when the swirl number exceeds a critical value Sn = 0.44, vortex-breakdown takes place and leads to the formation of an IRZ. For higher swirl numbers, the turbulence intensity increases, the flame velocity increases which leads to the occurrence of flame flashback. Recently, Martin et al. [15] examined the effect of swirl number on the structure of swirlstabilized spray flames. They varied the swirl number by changing the swirler configuration, 12 swirl configurations were used. They noticed that the combustion is stabilized and the lifting behavior of the flame depends on the swirl intensity of the flow. More recently, Yilmaz [16] performed numerical study to investigate the effect of swirl number on combustion characteristics in a diffusion flame. He found that the combustion characteristics such as, flame temperature and species concentrations are strongly affected by the swirl number.
The main objective of this paper is to focus on the flow behavior and flame dynamics at various swirl numbers to more clarifying the swirling premixed flames. The flame stability and its limits at each swirl number which is analyzed. A lean premixed swirl stabilized burner experimentally studied by Anacleto et al. [12] is investigated numerically in this study. The approach is based on two dimensional axisymmetric burner geometry, steady state, RANS turbulence models, Finite-Rate/Eddy Dissipation model for chemical reactions and reduced chemical kinetics to three-step schemes for the combustion of premixed propane-air mixture. To treat these objectives, the simulations are done by analyzing the capabilities of three eddy-viscosity turbulence models (Standard k-ε, Realizable k-ε and SST k-ω) in predicting the swirling flow characteristics inside the combustor. Besides, this work attempts to evaluate the performance of Realizable k-ε model which is reported in the literature as the appropriate model to better predict the swirling flows Firstly, the burner configuration, the computational method and the various numerical modelling are described. Secondly, mesh sensitivity analysis is presented. Thirdly, comparisons between calculations and measurements of detailed profiles of axial and radial velocities, temperature and propane concentration are presented. The experimental data of velocities, temperatures and concentrations were obtained by LDV, thermocouples and sampling probes, respectively. Moreover, in order to illustrate and clarify the effect of swirl intensity the results are presented as follow:
(1) Visualizing the flow development by means of streamline patterns, axial velocity contours for each swirl number configuration. (2) Analyzing the vortex-breakdown occurrence and length by plotting the centerline axial velocity along the combustion chamber for each swirl number. (3) Analyzing the flame dynamic using temperature distribution for each swirl number configuration.
BURNER CONFIGURATION AND OPERATING CONDITIONS
The studied burner configuration is that used by Anacleto et al. [12] . A schematic view of the burner is shown in Figure 1 . The model combustor consists of an axial swirl generator, premixing tube (PT), a converging-diverging nozzle and combustion chamber (CC). Because of the sudden expansion downstream of the contraction, a vortex breakdown occurs and the flame is stabilized at the expansion. The swirl generator has a variable blades angle, able to change between 0° and 60° in order to give the flow the desired swirl. The throat diameter D = 40 mm is used to calculate the non-dimensional data presented in the paper. The premixing duct is a cylindrical tube with inner diameter 1.25D and length of 4.14D including the converging-diverging nozzle. The combustion section is a cylindrical tube with inner diameter of 2.75D and total length of 8.4D. As sketched in Figure 1 , the model combustor is axisymmetric and the computational domain covers a fraction of the experimental configuration. It includes the premixing tube, the contraction and the combustion chamber. The reference frame is chosen such that x/D is aligned along the symmetry axis and its origin is in the sudden expansion plane (x/D > 0 is the combustion chamber, x/D < 0 is the premixing tube). Figure 2 presents the range of combustor operations defined by the flammability and flashback limits, obtained by Anacleto et al. [12] . The leanest and most stable operation condition is found at the global equivalence ratio Φ = 0.5. It is defined as: 
where YF and YO are respectively the fuel and oxidizer mass fractions. The subscript st indicates stoichiometric conditions (fuel and oxidizer in exact amount so that the combustion is complete). Inside the burner the flame operates with a perfect mixing of propane and air at atmospheric pressure. The unburned gas temperature at the inlet is Ti = 573 K. Typical averaged velocity at the inlet section of the combustor u0 = 37.7 m/s and the respective diameter are used to calculate the Reynolds number Re = 3.9×10 4 . From the Figure 2 , the operating range reduces to a narrow interval of equivalence ratios as the swirl number increases. Therefore, three swirl numbers (red filled circles) are chosen to belong to the stability range of the burner, in addition to the validation case with the experimental data (the black filled circle). One swirl number (blue filled circle) is chosen to be outside the stability range (flashback region). The chosen swirl numbers are equal to 0, 0.35, 0.75, 1.05 and 1.4 corresponding to the swirler blade angels 0°, 22°, 40°, 50° and 58°. The swirl number is defined as the ratio of the axial flux of the tangential momentum to the product of the axial momentum flux and a characteristic radius. The expression of swirl number depends on the injector geometry and flow profiles [17] :
where Rn and Rh are the radii of the central body supporting blades and the outer chamber of the swirling device, respectively. 
MESH AND BOUNDARY CONDITIONS
Three computational structured grids (coarse, medium and fine) are designed, as presented in Table 1 . The difference in these three meshes is mainly due to different grid resolution requirements in order to have a higher resolution in the premixing pipe and in the flame region. To improve near wall grid resolutions a dimensionless wall distance vector y + = 1 is applied in the three meshes. However, due to the grid influence upon the results the flow has to be solved via a sensitivity analysis using the three grids.
The boundary conditions are summarized in Table 1 and imposed to the geometry as follows: At the beginning of the premixing tube, a mass flow inlet boundary condition is used and a mass flow rate ṁmix = 46 g/s is imposed. Direction vector method in ANSYS-Fluent is chosen, it allows to introduce the three velocity components u, v and w at the inlet of the 2D axisymmetric swirling configuration. A ratio of tangential and axial velocities (w/u) is introduced depending on each swirl configuration, to give the flow the desired tangential (swirling) velocity. A turbulent intensity is introduced also at the inlet and it was estimated from the fully developed pipe flow to be 4.2%. The walls are assumed to be adiabatic and no-slip conditions are also applied. At the outlet the temperature is about 1600 K and pressure outlet boundary condition is applied.
COMPUTATIONAL FLOW MODELING
Simulations were performed using the ANSYS-Fluent 16.0 CFD software. It uses the finite-volume method to solve the governing equations. The SIMPLE algorithm is applied for the pressure-velocity coupling. A second order upwind scheme is used for the momentum, turbulence kinetic energy, turbulence dissipation rate, the energy and all species equations. Convergence criteria are set to 10 -5 for all equations. The mass and momentum Reynolds-averaged equations are used to solve the turbulent steady flow. As mentioned in the introduction, three turbulence closure models, Standard k-ε, Realizable k-ε and SST k-ω, are used in order to close the system of Reynolds-averaged equations. The detailed description of each model can be found in [3] , [6] and [8] respectively.
COMBUSTION AND RADIATION MODELING
The hybrid model Finite Rate-Eddy Dissipation plays a key role to address the turbulence-chemistry interaction in the turbulent premixed flames. It is physically based and widely used model which do not demand a high computational effort and offers the use of multi-step reaction mechanisms. The Finite-Rate Kinetics (FRK) model computes the chemical source terms using Arrhenius expressions, and ignores the effects of turbulent fluctuations [18] . A reduced chemical kinetic mechanism of propane-air mixture is employed in the FRK model. This simplified model consists of 3 chemical reactions and 5 species. The three-step scheme of [19] is given below: 
Eddy-dissipation model
Since the used hybrid model includes the Eddy-Dissipation Concept (EDC), a brief description of the model is given. This turbulence-chemistry interaction model is based on the work of [20] . The net rate of production for species i due to reaction r, is given by the smaller of the two expressions below:
where YR is the mass fraction of a particular reactant R, YP is the mass fraction of any product species P and A, B are empirical constants equal to 4, 0.5 respectively. Finally, after calculating both the Arrhenius and eddy dissipation reaction rates, the Finite Rate-Eddy Dissipation model takes the minimum of these two rates.
P-1 Radiation model
To obtain a realistic results of temperature it's necessary to take in account a radiation model during the combustion simulations. The P-1 radiation model [21] is chosen in this study in order to avoid the high computing costs associated with the solution of the radiative transfer equation (RTE). Figure 3 . Grid sensitivity solutions of the radial profiles of the axial velocity at several locations with three turbulence models A grid convergence study is conducted for three meshes shown in Table 1 . This analysis is done by simulating the reacting flow using the three turbulence models (Standard k-ε, Realizable k-ε and SST k-ω). A comparison of radial profiles of the mean axial velocity in the combustor is presented in Figure 3 . For all models, the profiles of the coarse grid show different tends compared to the profiles of the fine and medium grids. For example, at x/D = 0.22, the coarse grid underestimates the axial velocity near y/D = 1.5, compared to the other grids. In addition, it overestimates the velocity peaks at x/D = 0 and 0.22 for Realizable k-ε and SST k-ω models. The profiles of the fine and the medium grids present exactly the same tends at each location and for each turbulence model. Since the fine grid gives the same results as the medium grid and to reduce the computational efforts, the medium grid is chosen for all calculations in the present study.
RESULTS AND DISCUSSION

Grid sensitivity analysis
Flow field and temperature distribution
The development of the flow structure over the combustion chamber for the three eddy viscosity models is illustrated in Figure 4 , using contours of the axial velocity and the streamline patterns. As expected from a turbulent swirling flow in sudden expansion burner, two distinct regions must be present. The first, a cone-shaped inner recirculation zone (IRZ) appears as a result of the vortex breakdown. This recirculation region is deeply involved in the flame stabilization process, as it constantly puts hot burnt gases in contact with fresh gases allowing permanent ignition. The second, a weak outer recirculation zone (ORZ) comes out above the mixing layer (Swirling jet) and takes its shape from the neighboring boundary walls. Those described characteristics of the flow are captured well by all used eddyviscosity models. As presented in Figure 4 , both models SST k-ω and Standard k-ε show a high velocity gradient in the nozzle throat and the swirling jet region in comparison with Realizable k-ε. This is due to the different definitions of the eddy viscosity that used by each model. Other noticeable zone, a weak recirculation zone (WRZ) upstream the IRZ which appeared in the Realizable k-ε case. It is formed due to the upstream propagation of the IRZ Figure 4 . Predicted axial velocity contours and streamline patterns by the three eddy viscosity models Figure 5 shows a comparison between the measured and the predicted spatial distribution of temperature along the plane of symmetry in the combustion chamber. The three eddyviscosity models almost describe the same temperature distribution as the measured data. The IRZ is partially filled with relatively homogenous burned gases, as expected in swirl-stabilized flames, with a maximum temperature of about 1600 K. The ORZ also contributes to flame ignition and stabilization, which is clearly shown in both experimental and numerical results of the present work. Back to the Figure 4 regarding the Realizable k-ε and SST k-ω contours, it is observed that the IRZ extended upstream the expansion plane to reach the throat of the converging-diverging nozzle. This leads to the reduction of the temperature gradient length (black arrows in Figure 5 ) and make it close to the measured data. The temperature gradient length of the Standard k-ε model reaches a higher value compared to the measured data. This explains the deficiency of the model to predict this kind of complex phenomena caused by a high swirling flow and a fast chemical reaction at the same time. Figure 6 shows comparisons between LDA (Laser Doppler Velocimetry) measurements [12] , and the present numerical results of axial (a) and radial (b) velocity profiles, at several axial locations in the combustion chamber. The three employed eddy viscosity models can predict the IRZ and the ORZ but with a different accuracy. For example, in Figure 6 .a away from the center line ~y/D = 0.54 and at x/D = 0, the measured velocity peak is equal to 1.4u0 and the predicted velocity peaks are: 1.45u0 for Realizable k-ε, 1.7u0 for SST k-ω and 1.9u0 for Standard k-ε model at the radial position ~y/D = 0.62. The Realizable k-ε model predicts the same axial velocity peaks as the measurements in each location. At x/D = 0.22, both Realizable k-ε and SST k-ω models give the same value of the measurements for the centerline axial velocity (y/D = 0). In the locations presented in the Figure 6 .b, the three eddy viscosity models produce satisfactory predictions of the radial velocity profiles with a slight difference. The Realizable k-ε is found to be the good model for such kind of flows and it is agreeing with the literature findings. It is chosen for the simulation of the rest of this study. Figure 6 . Eddy viscosity models versus LDA data: radial profiles of the (a) axial and (b) radial velocities 6.3.2 Temperature and propane concentration profiles A progress variable is used during the validation of the experimental results for both temperature and propane mass fraction. The progress variable of temperature is defined as CT = (T-Tu)/(Tb-Tu), where T is the local temperature, Tu and Tb are the unburned and the burned gas temperatures, respectively. So, if we have CT = 0 it means a fresh gas and if we have CT = 1 it means burnt gas. The progress variable of propane mass fraction Cf is defined with same way as CT. 
is nearly finished and no fresh gases are found in this section. The SST k-ω profiles give a poor prediction compared to the measured data in the far field. Once again, the Realizable k-ε proves its capability for predicting the temperature fields at each location. As the swirl number increases, the length of the ORZ decreases, this is due to the radial expansion of the flow. For example, in the case Sn = 0, the streamlines across the combustion chamber are almost parallel near the centerline. By increasing the swirl number (i.e. Sn = 1.05), the streamlines take the radial direction, as illustrated by the red arrows. The second remark is the formation of the IRZ as the swirl intensity increases. The vortex-breakdown takes place when the swirl number reaches a critical value, this leads to the appearance of the IRZ. In this study, the IRZ appears for three swirl numbers which are Sn = 0.75, 1.05 and 1.4. It can be seen that the length of the IRZ increase with the increase of swirl number. The length of the IRZ reaches 2 x/D for Sn = 0.75, 2.75 |x/D| for Sn =1.05 and 3.75 |x/D| for Sn = 1.4. Note that the values of the IRZ length for Sn = 1.05 and 1.4 are reported using the absolute value, because of the expansion of the IRZ following the negative direction of the x/D axis. To clarify the discussed issue about the radial expansion of the flow, a parametric study is performed by the determination of the maximum value of the swirl velocity wmax and its corresponding radius Rw, normalized by u0 and D respectively. Figure 10 presents the aerodynamical characteristics of the swirling jet deduced from the swirl velocity and its radial location at x/D = 0.12. It can be seen that the maximum value of swirl velocity wmax increases with increasing of swirl number, as discussed the literature, while Rw the radial location of wmax is shifted outwards confirming the radial expansion of the flow. The spatial distribution of temperature for each swirl number is illustrated in Figure 11 . The black lines present the iso-value of zero axial velocity in both ORZ and IRZ. For low swirl numbers Sn < 0.35 there is no temperature gradient in the IRZ, only fresh gases are dominated due to the absence of the flow recirculation. But in the ORZ, a high temperature gradient occurs with a maximum value of about 1500 K for Sn = 0 and 1600 K for Sn = 0.35. This is due to the presence of a flow recirculation in this region regardless of the swirl number. This leads to holding the flame and achieve a permanent ignition. By increasing the swirl number, temperature gradient start to fill the IRZ for Sn = 0.75 and it fully locates in the IRZ for Sn = 1.05. For a very high swirl number Sn = 1.4, the temperature gradient appears in the premixing tube and the IRZ almost contains the maximum temperature. This is known as Flashback phenomenon, which is a result of high negative velocity in the IRZ, which leads to the extendibility of its limits to the premixing tube helping to drag the flame inside. These results indicate an optimum range of swirl numbers must be respected to have flame stabilization; above that range an unfavorable flashback phenomenon appears. Figure 12 presents the centerline temperature normalized by the maximum temperature T0 for the different swirl numbers. This allowing to know the length of the reaction zone for each swirl number. With no swirl motion Sn = 0, the centerline temperature is almost constant and takes its lowest value T/ T0 = 0.35, this means there is no reaction in this region. For Sn = 0.35, the combustion at the centerline starts late and the temperature reaches 0.85 of T0 in the outlet of the combustion chamber. For Sn = 0.75, the temperature centerline reaches its maximum value of 0.95 at about x/D = 4.7, this indicate that the reaction zone is near the middle of the combustion chamber. By increasing the swirl number to the optimum value Sn = 1.05, the maximum centerline temperature is achieved early at about 0.97 x/D, and it takes the value of 0.98 T/T0. For a very high swirl number Sn = 1.4, the maximum centerline temperature reaches its maximum value of 1 T/T0 at the combustion chamber inlet, this means that the reaction zone is in the premixing tube which confirms the presence of the flashback in this case. 
Centerline temperature
CONCLUSION
The presented work discusses a numerical simulation of the reacting swirling flow in a lean premixed burner using the ANSYS-Fluent 16.0 software. The results of this work contribute to better understanding the flow behavior and flame dynamics at different swirl intensity, and consequently to define the flame stability limits. Three eddy viscosity turbulent closure models (Standard k-ε, Realizable k-ε and SST k-ω) and the Finite-Rate/Eddy Dissipation model for turbulence-chemistry interaction are used. Those applied approaches are useful to capture the vortex-flame interaction, and the all used models can predict the IRZ and the stabilized flame. Comparing with experimental data, the performance of the eddy-viscosity models in predicting the high swirling flow properties (axial and radial velocities profiles) is competitive. The Realizable k-ε is found to be the good model for such kind of flows and it agrees with the literature findings. It is chosen to simulate the effect of the swirl intensity on the flow structure and flame dynamics in the combustion chamber. Results indicate that for the absence of swirl, the flow is an axial jet and there is no combustion in the inner region of the burner. Whatever the swirl number value, an ORZ appears and holds the flame. At a critical value of the swirl number (Sn = 0.75), an IRZ appears in the center of the burner inlet as a result of the vortex-breakdown. It is found that the length of the IRZ increases with the increase of swirl number. With this increase, the flame tends to stabilize in the inner region of the combustion chamber; consequently, the reaction zone is shortened. At very high swirl number (Sn =1.4), the IRZ expands upstream and downstream the combustion chamber and leads to dragging the flame into the premixing tube. It is found that the swirling flow significantly improves the flame stability, but with increasing the swirl number to an excessive value the flashback appears and the flame is no more stable. 
NOMENCLATURE
